The most elementary structures of turbulence, i.e., vortex tubes, are studied using laboratory velocity data for boundary layers with Reynolds numbers Re λ = 295-1258. We conduct conditional averaging for enhancements of a small-scale velocity increment and obtain the typical velocity profile for vortex tubes. Their radii are of the order of the Kolmogorov length. Their circulation velocities are of the order of the root-mean-square velocity fluctuation. These properties are independent of the Reynolds number and are hence expected to be universal.
Introduction
Turbulence contains vortex tubes as the most elementary spatial structures. Regions of strong vorticity are organized into tubes. They occupy a small fraction of the volume and are embedded in the random background flow.
The basic parameters of vortex tubes at microscale Reynolds numbers Re λ ≤ 200 have been derived with direct numerical simulations (e.g., Jiménez et al. 1993; Makihara et al. 2002) . The radii are of the order of the Kolmogorov length η. The total lengths are of the order of the integral length. The circulation velocities are of the order of the Kolmogorov velocity u K or the root-meansquare velocity fluctuation u 2 1/2 . However, the universality of these tube parameters has not been established since it is difficult to conduct a direct numerical simulation at Re λ > 200. We accordingly study velocity fields of laboratory turbulence at Re λ = 295-1258 details, see Mouri et al. 2004) . The velocity field is intermittent at small scales. A small-scale velocity variation is enhanced at the positions of circulation flows associated with vortex tubes.
Experiment
The experiment was done in a wind tunnel of the Meteorological Research Institute. We use the coordinates x, y, and z in the streamwise, spanwise, and floor-normal directions. The origin x = y = z = 0 m is taken on the tunnel floor at the entrance to the test section. Its size was δx = 18 m, δy = 3 m, and δz = 2 m. Over the entire floor of the test section, we placed blocks as roughness elements. Their size was δx = 0.06 m, δy = 0.21 m, and δz = 0.11 m. The spacing of adjacent blocks was δx = δy = 0.5 m. We set the incomingwind velocity at x = 0 m to be U i = 2-20 m s −1 .
Using a hot-wire anemometer, we measured the streamwise (u) and spanwise (v) velocities. The measurement positions were at x = 12.5 m, where the boundary layer was well developed. The 99% thickness was about 0.8 m. The displacement thickness was about 0.2 m. They were almost independent of the incoming-wind velocity. The measurement height was z 0.3 m in the log-law sublayer.
The signal was linearized, low-pass filtered at 2-20 kHz, and then sampled digitally at 4-40 kHz. The data length was (2-8) × 10 7 points. We obtained 
Velocity profile of vortex tubes
The typical profiles for circulation flows of vortex tubes in the streamwise (u) and spanwise (v) velocities are extracted as the typical profiles for small-scale intermittency. We average signals centered at the position where the absolute value of the spanwise-velocity increment |v(x+δx)−v(x)| is enhanced above a certain threshold (e.g., Mouri et al. 2003) . The scale δx is set to be the sampling interval. The threshold is set to be the highest percentile for the absolute values of the velocity increments. Thus 1% of them are used for the averaging. When the velocity increment is negative, we invert the sign of the v signal before the averaging. The results are shown in figure 2a (solid lines) .
The threshold value for the enhancement of the velocity increment has been determined with a compromise. If the threshold is higher, the statistics are less significant. If the threshold is lower, the contamination with the background flow is more significant. We have nevertheless ascertained that our following results are qualitatively independent of the threshold if the fraction of the velocity increments used for the averaging is 0.1-1%. These velocity increments comprise the tail of the probability density distribution that is well above the
